Residual dipolar coupling investigation of a heparin tetrasaccharide confirms the limited effect of flexibility of the iduronic acid on the molecular shape of heparin by Jin, Lan et al.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Residual dipolar coupling investigation of a heparin
tetrasaccharide confirms the limited effect of flexibility of the
iduronic acid on the molecular shape of heparin
Citation for published version:
Jin, L, Hricovini, M, Deakin, JA, Lyon, M & Uhrin, D 2009, 'Residual dipolar coupling investigation of a
heparin tetrasaccharide confirms the limited effect of flexibility of the iduronic acid on the molecular shape of
heparin' Glycobiology, vol. 19, no. 11, pp. 1185-1196. DOI: 10.1093/glycob/cwp105
Digital Object Identifier (DOI):
10.1093/glycob/cwp105
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Publisher's PDF, also known as Version of record
Published In:
Glycobiology
Publisher Rights Statement:
Copyright © 2009 The Author(s). Published by Oxford University Press. All rights reserved. This is an Open
Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses?by-nc/2.0/uk/) which permits unrestricted non-commercial use, distribution,
and reproduction in any medium, provided the original work is properly cited.
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 05. Apr. 2019
 1
doi: 10.1093/glycob/cwp105 
 
 
 
Residual dipolar coupling investigation of a heparin tetrasaccharide confirms the 
limited effect of flexibility of the iduronic acid on the molecular shape of heparin. 
 
 
Running title: RDC Analysis of a Heparin ΔU-Tetrasaccharide 
Keywords: heparin/conformation/NMR spectroscopy/residual dipolar couplings 
(RDCs)/iduronic acid 
 
Lan Jina,&, Miloš Hricovínib, Jon A. Deakinc, Malcolm Lyonc and Dušan Uhrín*,a 
a School of Chemistry, University of Edinburgh, Joseph Black Building, West Mains Rd., 
Edinburgh EH9 3JJ, Scotland 
 
b Institute of Chemistry, Slovak Academy of Sciences, Dúbravská cesta, 845 38 Bratislava, 
Slovakia 
 
c Cancer Research UK Glyco-Oncology Group, School of Cancer Studies and Imaging, 
University of Manchester, Paterson Institute for Cancer Research, Wilmslow Road, 
Manchester M20 4BX, England 
 
&Present address: 
National Glycoengineering Research Center,  Shandong University, Jinan, Shandong, China 
250100 
 Glycobiology Advance Access published July 31, 2009
 at Edinburgh U
niversity on A
ugust 8, 2013
http://glycob.oxfordjournals.org/
D
ow
nloaded from
 
 2
 
 
*Corresponding Author,  
E-mail: dusan.Uhrín@ed.ac.uk 
Phone: 44-131-6507061 
Fax: 44-131-650-7155  
 
Received: 26-Jun-2009; Accepted: 14-Jul-2009 
 
 
© 2009 The Author(s) 
This is an Open Access article distributed under the terms of the Creative Commons 
Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/2.0/uk/) 
which permits unrestricted non-commercial use, distribution, and reproduction in any 
medium, provided the original work is properly cited. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 at Edinburgh U
niversity on A
ugust 8, 2013
http://glycob.oxfordjournals.org/
D
ow
nloaded from
 
 3
 
Abstract  
 
The solution conformation of a fully sulfated heparin-derived tetrasaccharide, I, was studied 
in the presence of a four fold excess of Ca2+. Proton-proton and proton-carbon residual dipolar 
couplings (RDCs) were measured in a neutral aligning medium. The order parameters of two 
rigid hexosamine rings of I were determined separately using singular value decomposition 
and ab initio structures of disaccharide fragments of I. The order parameters were very similar 
implying that a common order tensor can be used to analyse the structure of I. Using one 
order tensor, RDCs of both hexosamine rings were used as restraints in molecular dynamics 
simulations. RDCs of the inner iduronic acid were calculated for every point of the molecular 
dynamics trajectory. The fitting of the calculated RDCs of the two forms of the iduronic acid 
to the experimental values yielded a population of 1C4 and 2So conformers of iduronic acid that 
agreed well with the analysis based on proton-proton scalar coupling constants. The 
glycosidic linkage torsion angles in RDC restrained molecular dynamics (MD) structures of I 
are consistent with the interglycosidic three-bond proton-carbon coupling constants. These 
structures also show that the shape of heparin is not affected dramatically by the 
conformational flexibility of the iduronic acid ring. This is in line with conclusions of 
previous studies based on MD simulations and the analysis of 1H-1H NOEs. Our work 
therefore demonstrates the effectiveness of RDCs in the conformational analysis of 
glycosaminoglycans. 
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Introduction 
The essential role of glycosaminoglycan (GAG) – protein interactions in the regulation of 
physiological processes has been recognised for decades.  Nevertheless, the underlying 
molecular basis of these interactions has only emerged through more recent biophysical 
investigations (reviewed in Mulloy and Linhardt 2001, Casu and Lindahl 2001, Capila and 
Linhardt 2002, Hricovíni et al. 2002, Powell et al. 2004, Imberty A et al. 2007). Early insights 
into the molecular structure of GAGs originated from the studies of heparin, a prominent 
member of the GAG family, by X-ray diffraction (Nieduszynski at al.1977) and solution state 
NMR (Mulloy et al. 1993, Mulloy and Forster 2000).  
 
The repeating disaccharide unit of many GAGs, including heparin, heparan sulfate (HS) and 
dermatan sulfate (DS), contains iduronic acid (IdoA), a hexopyranose which is known to 
adopt several conformations (4C1, 1C4 and 2So). This flexibility of IdoA has attracted 
considerable attention (Ferro et al. 1990, Forster and Mulloy 1993, Ernst et al. 1998, 
Hricovíni 2006, Pol-Fachin and Verli 2008) as it can potentially affect how GAGs interact 
with proteins. Indeed, significant experimental evidence points to the importance of IdoA for 
protein GAG interactions. To mention a few more recent examples, the lack of IdoA in HS 
derived from Hsepi-/- mouse affected its interactions with grow factors and cell signalling (Jia 
et al. 2009).  Binding and activity of less-sulfated species interacting with the hepatocyte 
growth factor/scatter factor is greatly enhanced by the presence of IdoA in GAG sequence 
with otherwise comparable overall sulfation levels (Catlow et al. 2008). IdoA plays a crucial 
role in achieving the appropriate 3D structure of the heparin-pentasaccharide (Hricovíni et al. 
2001) and heparin-octasaccharide when interacting with antithrombin (Guerrini et al. 2006) or 
heparin-tetrasaccharides interacting with the basic fibroblast growth factor (Guglieri et al. 
2008).  
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X-ray structures of protein-GAG complexes show the IdoA residue in either 1C4 or 2So 
conformation.  Interestingly, the two internal IdoA residues of a heparin hexasaccharide 
bound to basic fibroblast growth factor exist in different conformations (Faham et al. 1996). 
Furthermore solution state NMR studies of a heparin-like hexasaccharide in a complex with 
acidic fibroblast growth factor (Canales et al. 2005) revealed that IdoA2S is present in the 
bound state in an equilibrium of 1C4 and 2So forms.  
 
The question that then arises is why are the binding properties of IdoA so favourable? Is it 
that the flexibility of IdoA affects the geometry of glycosidic linkages or is it the larger 
conformational space available to sulfate groups that enhances its binding properties? The 
current evidence, based mostly on the analysis of NOE data of heparin and heparin 
oligosaccharides, indicates that the chair-skew boat equilibrium of IdoA has only a limited 
effect on the glycosidic linkage conformation of heparin (Ferro et al. 1986, Mulloy et al. 1993, 
de Paz et. al 2001, Mikhailov et al. 1997, Zhang et al. 2008). It should be pointed out that 
although NOEs are invaluable in biomolecular structure determination their two potential 
drawbacks are: (i) NOEs only report on the local structure and (ii) their interpretation in 
flexible systems is notoriously difficult (Neuhaus and Williamson 2000). On the other hand, 
residual dipolar coupling constants (RDCs) provide global structural information and thus 
have the potential to characterise the overall shape of molecules (Tjandra and Bax 1997). We 
have therefore decided to investigate the shape of heparin by using this recently introduced 
NMR methodology. In order to make our investigation tractable we have limited the size of 
the studied heparin fragment to a tetrasaccharide. Our sample was prepared by the enzymatic 
cleavage of heparin, which resulted in the non-reducing terminal IdoA being converted to an 
unsaturated uronic acid. We refer to this compound as heparin ΔU-tetrasaccharide, I, (Fig. 1  
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The activity of heparin can be modulated by calcium ions (Rabenstein et al. 1995). Similarly, 
the structurally related heparan sulfate interacts with extracellular proteins and in several 
cases these interactions involve cations such as Ca2+ and Mg2+ (Chevalier et al. 2004). We 
have therefore conducted our studies in a 4-fold molar excess of Ca2+ with regard to I.  
Presence of Ca2+ has been shown not to affect the overall shape of a heparin hexasaccharide 
(Angulo et al. 2000, de Paz et al. 2001, Chevalier et al. 2004), however it is known to affect 
the equilibrium of 1C4 and 2So forms of the IdoA (Ferro et al. 1990, Chevalier et al. 2004). As 
a beneficial side effect for NMR studies, by influencing the kinetics of the chair-skew boat 
equilibrium of IdoA, the presence of Ca2+ coincidently sharpens NMR spectral lines (de Paz 
et al. 2001). 
 
Results 
Internal dynamics of rings A and D 
The internal dynamics of the constituent monosaccharide rings of ΔU-tetrasaccharide I was 
analysed using vicinal proton-proton coupling constants. The coupling constants (Table I) 
were determined using intensity based methods (Pham et al. 2002, 2004, Jin et al. 2007) 
discussed later in the paper. As confirmed by the large 3J23, 3J34 and 3J45 coupling constants, 
the two glucosamine rings (A and C) are stable in the 4C1 conformation. On the other hand, 
the internal iduronic acid ring (B) and the non-reducing terminal unsaturated uronic acid ring 
(D) undergo conformational averaging. The internal iduronic acid can in principle adopt three 
different conformations, 4C1, 1C4 and 2So, but only 1C4 and 2So were found previously in fully 
sulfated species (Mulloy and Forster, 2000). Based on an idealised geometry of 1C4 and 2So 
forms the theoretical 3JHH coupling constants were calculated using recently derived Karplus 
equation parameterised for sulphated GAGs (Hricovíni and Bízik 2007, Hricovíni et al. 2007). 
The population of each conformer was calculated by fitting the calculated coupling constants 
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to the experimental data (Table I) yielding 76% of 1C4 and 24% 2So forms for the sulfated 
IdoA residue. This is in line with 79% of 1C4 observed in heparin (Ferro et. al 1990) or 70% 
of 1C4 in heparin hexasaccharide (Chevalier  et al. 2004), both in the presence of Ca2+. A 
similar analysis performed for the D ring using Karplus equations (Haasnoot et al. 1980) 
incorporating the effects of substituents, yielded 78% and 22% of 1H2 and 2H1 conformers, 
respectively. 
 
Unrestrained molecular dynamics simulations of I   
  
Amber (Case et al. 2002) force field solution structures of I were generated by free molecular 
dynamics using the protocols described in the Experimental section. Various starting 
conformations for rings B and D were tried, while for rings A and C, the conformation was 
always set to 4C1. As expected, the latter conformation did not change during MD simulations. 
Ring B showed transitions between 1C4 and 2So forms, while the 4C1 conformer was not 
observed.  Ring D quickly converted from the 1H2 form to the 2H1 form. This transition was 
faster when the B ring was in the 2So form; when simulations were started with the D ring in 
the 2H1 conformation it never changed to the 1H2 form. A 4 ns non-restrained MD of I is 
illustrated in Fig. 2.) 
 
Almost exclusive appearance of the 2H1 conformer for ring D during the unrestrained 
molecular dynamics contradicts the results of our analysis of experimental proton-proton 
coupling constants, which indicate that the 1H2 form, dominates (78%). This discrepancy could 
be explained by inaccurate parameterisation of the AMBER force field for this unsaturated 
ring or inaccurate parameterisation of the Karplus curves used to analyse the coupling 
constants. The latter is unlikely as the experimental 3J23 = 2.65 Hz is too small to be 
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consistent with a large diaxial 3J23 (10.2 Hz) coupling constant of the 2H1 conformer. 
Inadequate performance of the AMBER force field for Δ4,5 – uronic acids has been noted 
previously (Adeyeye et al. 2003). As MD simulations are an integral part of our methodology, 
the discrepancy between the experimental data and simulations had to be taken into account. 
We have therefore concluded that proceeding with the analysis of the D ring would add little 
value to our work and decided to concentrate on the trisaccharide fragment CBA of I. This is 
in line with the main focus of our investigation on the conformation of native heparin/HS and 
the effects of conformational flexibility of the internal iduronic acid on the overall shape of 
the molecule. Ring D, a modified terminal iduronic acid, is a consequence of preparation of 
oligosaccharides by enzymatic cleavage and does not have a role in the biology of heparin/HS.     
 
 Our MD simulations show that the dynamics of the BA and CB glycosidic linkages is 
affected by the state of ring B as illustrated in Fig. 3 using Φ/Ψ maps. These maps show the 
behaviour of two dihedral angles, ΦH (H1 – C1 – O4’ – C4’) and ΨH (C1 – O4’ – C4’ – H4’) 
describing the conformation of glycosidic linkages. Considering the BA linkage first, a 
population of conformers exists that has very similar dihedral angles irrespective of the state 
of ring B. However there are other conformers that differ by 60o in the ΦBA angle between the 
2So and 1C4 forms of the B ring. Characterising the CB linkage, the ΦCB and ΨCB angles differ 
by 90o and 40o, respectively, depending on the state of B ring. The geometry of the glycosidic 
linkages has a major influence on the conformation of carbohydrates, and their overall shape. 
Therefore the results of unrestrained MD indicate that the conformation of ring B could affect 
the overall shape of heparin/HS polysaccharide.  
 
In the next stage, two types of experimental parameters, which have not been used previously 
in the conformational analysis of heparin, are employed to assess the effects of the 
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 9
conformational flexibility of ring B on the overall shape of I: residual dipolar coupling 
constants (RDCs) and the interglycosidic long-range proton-carbon coupling constants (nJCH). 
The former are used as restraints in MD simulations, while the latter are used to cross validate 
the results of these simulations.  
 
Measurement, validation and analysis of residual dipolar coupling constants 
  
 Providing a sufficient amount of compound is available, the most easily accessible RDCs in 
carbohydrates are those between the directly attached protons and carbons (1DCH ). However, 
in rigid hexopyranose rings the majority of equatorial positions are occupied by OR groups, 
while all axial CH orientations point in the same direction, i.e. are spatially degenerate. In α-
D-GlcNS hexopyranose rings of I, only two independent orientations are sampled by the CH 
vectors - the axial and one equatorial, along the C1αH1α bond. When a limited number of 
RDCs are available, an independent determination of the order tensor is required 
(Zweckstetter and Bax 2000, Landersjo et al. 2000, Almond and Axelsen, 2002, Almond et al. 
2001, Lycknert et al. 2001, Azurmendi and Bush 2002). This approach therefore relies on an 
initial model describing the overall shape of the molecule. A self-consistent analysis of RDCs 
via the Saupe order matrix (Saupe 1968, Losonczi et al. 1999) on the other hand only requires 
structures of rigid fragments to be known. However, this approach requires ≥ 5 RDCs 
necessitating RDCs between remote nuclei, such as nDHH or nDCH, to be measured. Due to the 
dependency of RDCs on the gyromagnetic ratios of the coupled nuclei, accurate measurement 
of nDCH coupling constants requires stronger alignment. Such alignment can easily induce 
higher order effects in proton spectra of carbohydrates, which typically show little chemical 
shift dispersion. This can compromise the measurement of all types of RDCs.  On the other 
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hand nDHH coupling constants are larger, which allows the use of a very weak alignment. We 
have therefore adapted this approach and supplemented 1DCH with nDHH coupling constants. 
 
We have recently developed a suite of NMR experiments for the accurate measurement of 
small proton-proton RDCs from highly overlapped proton spectra and weakly aligned 
samples (Jin L et al. 2007). The reader is referred to the original references for their full 
description. In short, these methods are based on the selective 1D directed-COSY experiment 
(Pham TN et al. 2002, Pham TN et al. 2004) and provide coupling constants through fitting of 
signal intensities measured in a series of experiments. Their key feature is the ability to excite 
selectively a single proton resonance from severely overlapping spectra via the use of double-
selective HOHAHA (Konrat et al. 1991) or gradient-enhanced, chemical shift-selective filters 
(Robinson et al. 2004) as illustrated in Fig. 4.   
 
Table II summarises experimental 1DHH and 1DCH coupling constants of I measured in neutral 
aligning media (Ruckert and Otting 2000). The latter were determined from the F2 dimension 
of 1H-coupled non-refocused 1H-13C HSQC spectra. The measured RDCs were validated 
using the rigid monosaccharide rings A and C. For this purpose ab initio disaccharide 
structures, IdoA2S-GlcNS,6S-OMe and GlcNS,6S-IdoA2S-OMe representing BA and CB 
fragments of I were used.  Five 1DCH and four 3DHH coupling constants for either the A or C 
ring were used to calculate separately the order tensors via the singular value decomposition 
method (Losonczi et al. 1999). The theoretical RDCs were then back calculated using 
REDCAT (Valafar and Prestegard 2004). These calculations were performed for both 1C4 and 
2So conformations of the B ring BA and CB disaccharides. A comparison of the theoretical 
and experimental RDCs (Table III) showed a very good agreement indicating a high accuracy 
of the measured coupling constants. For both BA and CB disaccharides a better agreement 
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between the theoretical and experimental RDCs was obtained when the iduronic ring was in 
the 1C4 conformation. In the case of the CB disaccharide this agreement was much better. 
From now on, we will therefore focus on the disaccharides with this conformation of ring B, 
although the conclusions presented below were the same when the 2So conformers were 
analysed.   
 
Inspection of the experimental 1DCH coupling constants of rings C and A showed their ratio to 
be close to 2 : -1. This suggested that the orientation of CH vectors of the two rings is 
approximately parallel and perpendicular with regard to the z axis of the principal axis frame 
(PAF) of the respective order tensor. This was confirmed through the analysis of the PAF 
systems of rings A and C. Four axial CH bonds of ring A in the disaccharide BA were found 
to be oriented at angles 88o ± 6o and 7.5 o ± 3 o relative to Szz and Syy axes of the order tensor, 
while for ring C in the disaccharide CB these were at 31o ± 5o and 81o ± 5o. An implication of 
these observations is that the CH bonds of rings A and C in I are approximately perpendicular 
to each other. This statement assumes that a single order tensor can be used to characterise the 
alignment of I.  In order to test this assumption the Eigen values of the order matrix of ring A 
in the BA disaccharide (1.33 × 10-4, -1.32 × 10-4, -4.15 × 10-7) and those of ring C in the CB 
disaccharide (-1.64 × 10-4, 1.61 × 10-4, 3.75 × 10-6) were compared using the 1C4 conformers 
or ring B. Almost identical absolute values of Szz and Syy in both cases (note that these 
components therefore occasionally swap) indicate that both order tensors can be characterised 
as oblate. The alignment of ring A is 19% weaker, which could be attributed to the fact that 
this is the terminal, reducing monosaccharide of I. In order to detect the presence of 
conformational averaging Tian F et al. 2001, have introduced the generalised degree of order 
(GDO). A large difference between GDOs of two rigid fragments of a molecule indicates 
conformational flexibility. In our study the GDOs of rings A and C are 1.53 × 10-4 and 1.88 × 
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10-4 for 1C4 conformers of ring B. Even closer agreement (GDO = 1.47 × 10-4 and 1.42 × 10-4) 
was observed for 2So conformation of the B ring. A similar difference in GDO of around 20% 
has been interpreted as originating from a limited relative movement of two monosaccharide 
rings in a trimannoside (Tian F et al. 2001). Adopting this assumption, we postulated that the 
relative orientation of rings A and C is not affected significantly by the presence of the 
conformational flexibility of the B ring, and we performed restrained MD simulations of I 
using RDCs of both rings simultaneously as restraints. 
 
RDC restrained molecular dynamics simulations of I  
 
RDCs of two rigid monosaccharide rings, A and C, are used simultaneously to define the 
overall order tensor of I. This analysis differs from the one presented above, where RDCs 
were analysed separately for each of the two rings using static structures. Here they are used 
as experimental restraints during the AMBER molecular dynamics while the order tensor 
parameters are allowed to float. RDCs of ring B are not included as restraints; they are merely 
calculated for every point of the MD trajectory and their values compared with experimental 
data. During the RDC restrained MD, and similarly to the unrestrained MD, rings A and C 
were stable in their 4C1 conformations, while ring B showed transitions between the 1C4 and 
2So forms. The effect of RDCs on the MD simulation was assessed by calculating rmsds of 
ring atoms of monosaccharides A, B, and C. The magnitude of rmsd fluctuations (Fig. 2b) 
was identical to those observed in the unrestrained MD simulations (Fig. 2a) indicating that 
the inclusion of RDCs did not destabilise the structures. RDCs of ring A showed smaller 
rmsds (5% for 1DCH and 19% for 3DHH) than those of ring C (10% for 1DCH and 24% for 
3DHH) (Fig. 5); in either case the rmsds did not depend on the state of the B ring.  
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 13
In order to analyse the order tensor parameters, the structures were divided into two groups 
depending on the conformation of ring B and their diagonalised order tensors were inspected. 
The average Saupe matrix of the 1C4 forms was found to have principal axis components: Szz 
= 1.44e-04, Syy = 1.36e-04, Sxx = -0.70e-05, and, (GDO = 1.62e-04), while the 2So form gave 
Szz = 1.58e-04, Syy = 1.43e-04 and Sxx = -1.44e-05 (GDO = 1.74e-04). The two largest 
components of these tensors, Szz and Syy, differ by less than 10%, which caused their 
occasional swapping, seen in particular for the B ring in the 1C4 conformer. Importantly, there 
is < 10% difference between the Szz (Syy) values of the two groups differing in the 
conformations of B ring; their GDOs are also very similar (< 7% difference). In addition, the 
orientation of the principal axes of the two tensors was very similar. Fig. 6  shows that Szz is 
parallel to the long axis of the trisaccharide fragment CBA of I. The large Syy component 
arises due to the presence of bulky sulfate groups and the fact that the D ring is positioned at 
an acute angle to the Szz axis. The smallest component, Sxx, is at least an order of magnitude 
smaller than the other two. Although there is 100% difference between the two forms of the B 
ring, this can easily be a result of small changes in the average orientation of some sulfate 
groups.  
 
Eight RDCs of ring B, which were not used as structural restraints during MD, were then back 
calculated using MD structures. Four of them were practically identical between the two sets 
of molecules differing in the conformation of the B ring; the MD trajectories of the remaining 
RDCs are shown in Fig. 7. Our MD simulations are too short to allow for a reliable 
calculation of the average theoretical RDCs by using weighted averages of the two forms. 
Instead, least square analysis was performed using the average theoretical RDCs of the 
individual conformers (Table IV). This yielded the best fit with the experimental data for 82% 
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of the 1C4 and 18% of the 2So forms, which is remarkably similar to the results of the analysis 
of the proton-proton scalar couplings of ring B (76% and 24 %, respectively).  
 
Focusing on rings A and C in structures with the best agreement between the experimental 
and calculated RDCs, the average angles between the corresponding CH vectors of individual 
rings of 118o ± 7o and 110o ± 9o were found for 1C4 and 2So conformations of ring B, 
respectively. These results are in line with approximately perpendicular orientations of both 
rings as implied by the analysis of RDCs using the disaccharide structures discussed above. 
 
Any conformational changes of the trisaccharide fragment CBA during the restrained MD 
simulations will affect the dihedral angles along CB and BA glycosidic linkages (Fig. 3c, d). 
Table V shows that the differences between the average values of  Φ and Ψ angles 
corresponding to two forms of ring B are less then 15o - a value comparable to the natural 
fluctuations of these parameters. This also illustrates that the conformational space sampled 
during MD simulations is smaller than observed for the unrestrained MD dynamics (comp. 
Fig. 3a, b), and also implies that the overall shape of I is not affected significantly by the 
conformational change of ring B.  
 
Verification of RDC-restrained MD structures using interglycosidic 3JCH coupling 
constants of I 
 
Interglycosidic dihedral angles can be conveniently probed by three bond proton-carbon 
coupling constants. The corresponding Karplus curve, relating J couplings to dihedral angles, 
has been parameterised for glycosidic linkages of carbohydrates (Tvaroška et al. 1989). The 
dihedral angles that satisfy experimental J couplings are not unique due to the fourfold 
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degeneracy of the Karplus curve.  However, relatively large measured coupling constants 
(Table V) immediately indicate that the average absolute dihedral angles they report on are 
small (quadrants I and IV) or large (quadrants II and III) angles.  The latter possibility could 
be eliminated as there is no experimental evidence for the existence of anti-conformer for 
either Φ or Ψ dihedral angle in heparin structures. Taking into account NOESY data (data not 
shown) and the MD simulation, three out of the four angles can therefore be interpreted 
unambiguously, leaving ΨBA ambiguous between the first and the forth quadrant. Table V 
shows the dihedral angles derived from the experimental 3JCH coupling constants; their values 
are within +/- 15o of the average dihedral angles obtained for both tetrasaccharides containing 
the B ring in either  1C4 or 2So conformation.  Assuming a 4:1 ratio of the 1C4 and 2So 
conformers, the average values of 3JCH coupling constants were calculated using the average 
dihedral angles of each form obtained in restrained MD simulations (Table VI). The rmsd 
between the measured and calculated values was 0.49 Hz indicating a good agreement 
between dihedral angles in RDC restrained MD structures and J based dihedral angles.   
 
Discussion 
The order tensor defining the direction and the strength of the alignment is required for the 
interpretation of RDCs. If structures of the studied compound are available, the order tensor 
can be obtained using a steric model (Almond et al. 2001) or mass distribution (Lycknert et al 
2001, Azurmendi and Bush 2002). Starting from NOE restrained structure the latter approach 
was recently used to analyse the conformation of a dermatan sulfate tetrasaccharide (Silipo et 
al. 2008). Linearly averaged RDCs calculated for every frame of MD simulations, were 
compared with the experimental values and showed a good agreement.  
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Alternatively, the tensor parameters can be obtained by analysing RDCs without the need for 
an initial molecular model. This requires more RDCs to be measured, typically five to ten for 
any rigid part of the molecule. In our work we have supplemented the standard 1DCH by 3DHH 
coupling constants; the latter type was obtained by 1D intensity based methods. Altogether 18 
RDCs, 9 per each ring were used. They sampled twelve independent orientations, two and 
four described by 1DCH and 3DHH couplings per ring, respectively. We have analysed these 
RDCs using the singular value decomposition (Losonczi et al. 1999) method in two different 
ways. Firstly by focusing separately on the rigid A and C rings of I and using disaccharides 
related to BA and CB fragments of I.  A major conclusion of this analysis was a relative 
agreement between the GDO parameters of the order tensors of rings A and C that allowed us 
to suggest that one order tensor can be used to describe the alignment of I. Based on this 
premise we were able to show that the relative orientation of rings A and C is such that their 
CH bonds are approximately perpendicular. 
 
One observation made during this analysis deserves a brief discussion.  According to the 
analysis of 3JHH coupling constants the B ring of I exist mainly (76%) in 1C4 conformation. 
The analysis of RDCs of rings A and C using disaccharides BA and CB showed better 
agreement with the experimental data when ring B was in the 1C4 conformation. It is therefore 
tempting to suggest that RDCs of rigid rings A or C reflect the conformational state of the B 
ring. However, this might be an over interpretation of our data. Firstly, we are using 
methylated disaccharide structures to interpret RDCs of monosaccharide rings of I i.e. we are 
not taking into account possible effects of the third carbohydrate ring.  Secondly, the 
structures of the BA and CB disaccharides were calculated in an isolated state and, as we have 
shown previously (Pham et al. 2004), RDCs are extremely sensitive to small changes in 
dihedral and bond angles and the different environments could therefore play a role. 
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Nevertheless, a proposition that the type or a conformation of the neighbouring ring can affect 
the monosaccharide ring geometry which could be probed by RDCs is intriguing and warrants 
further investigation using simpler systems. This suggestion is supported by theoretical data 
indicating that influence of the IdoA2S residue on the geometry of neighbouring GlcNS 
residues could be important (Hricovíni et al. 2007).  
 
Secondly we performed restrained MD simulations of I using RDCs of rings A and C 
simultaneously as restraints. The resulting structures were then used to back calculate RDCs 
for the flexible B ring in both of its conformations. The relative amounts of 1C4 and 2So forms 
deduced from the back calculated RDCs agreed well with the results of the analysis of the 
proton-proton scalar couplings of ring B.  
 
The experimental RDCs reflect the dynamics of glycosidic linkages, internal dynamics of 
rings B and D, as well as any possible accompanying changes of the order tensor. They 
therefore mirror a highly complex system. Due to the long time scale of NMR measurements 
we can be confident that the sampling of these RDCs was comprehensive. While the 
fluctuations of the glycosidic linkages are fast, the B ring is only slowly interconverting 
between its two forms, 1C4 and 2So, and on a picosecond time scale exists in a particular 
conformation. This means that average RDCs were used here to refine immediate 
conformations of I during MD. Meaningful results are therefore only obtained if the order 
tensor is largely independent of the complex dynamics experienced by the ΔU-tetrasaccharide. 
This assumption was based on the analysis of two disaccharide fragments showing similar 
GDOs for both conformations of the B ring.  
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In order to verify this assumption, albeit in an indirect way, we need another experimental 
parameter. This was provided by interglycosidic 3JCH coupling constants, measured for the 
first time on a heparin oligosaccharide. Their relatively large values (Table VI) immediately 
indicated that the corresponding dihedral angles are small, which is in agreement with the 
results of our restrained MD simulations. We used a 4:1 ratio of 1C4 and 2So conformers of 
ring B, as determined by the analysis of proton-proton scalar coupling constants, and 
calculated the 3JCH coupling constants based on RDC restrained MD structures. The obtained 
rmsd between the theoretical and experimental coupling constants of 0.49 Hz indicated a good 
agreement with the experimental data.    
 
As stated in the introduction, the structure of heparin and heparin oligosaccharides has been 
investigated in the past by standard NMR techniques. When making a comparison with our 
studies, it should be kept in mind that none of the cited work has carried out conformational 
analysis in the presence of Ca2+, which could be a source of discrepancies. ΔU-tetrasaccharide 
I was studied previously using NOESY spectroscopy and the authors (Mikhailov et al. 1996) 
have reported the interglycosidic dihedral angles of their final structure. The 3JCH coupling 
constants for this structure showed rmsd of 1.05 Hz to our experimental values (Table VI). 
This larger rmsd is a direct consequence of more acute dihedral angles (Table V) found by the 
previous study based on 1H-1H NOESY data only.  
 
Our solution structures of I can also be compared with the heparin structure (Mulloy et al. 
1993). The reported NOE- and MD-based structure of a dodecasaccharide shows angles 
between the CH vectors of pairs of consecutive glucosamine rings of 111o ± 9.0 and 86o ± 5.9 
for 1C4 and 2So conformation of IdoA2S, respectively.  For 1C4 conformation this agrees very 
well with our RDC based solution structure (118o) while a 25o difference was found for the 
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2So conformation of ring B (111o). This could be due to much shorter fragment approximating 
the terminal tetrasaccharide of heparin used in our study. We can also compare interglycosidic 
dihedral angles of both structures (Table V). Here all the dihedral angles are within one rmsd 
of our restrained MD structures, with an exception of ΨCB glycosidic linkage. The theoretical 
3JCH coupling constants, calculated as weighted averages of ring B 1C4 and 2So conformers 
using the heparin structure (Mulloy et al. 1993), show rmsd of 0.79 Hz from our experimental 
values, i.e. larger than for our RDC-restrained MD structures (rmsd of 0.49 Hz). Again, this 
difference could be attributed to the end effects of I that are diluted in heparin 
dodecasaccharide. Nevertheless, the observed values indicate that heparin helix recently also 
found through NOE and MD investigation of 13C labelled heparin (Zhang et al. 2008) is 
already starting to form in the fully sulfated heparin ΔU-tetrasaccharide I.   
 
Table V also includes the dihedral angles reported for an X-ray structure of I, containing the 
iduronic acid in 1C4 conformation, in complex with the basic fibroblast growth factor (Faham 
et al. 1996). While a good agreement was obtained for the dihedral angles along the CB 
glycosidic linkage, differences of up to 30o were observed for the BA linkage (Table V). This 
is reflected in a large rmsd (1.21 Hz) for the corresponding 3JCH coupling constants reported 
in Table VI. This comparison should be taken with caution as average values reflecting the 
presence of two forms in solution are compared here with only one conformer (1C4) of I 
observed in the solid state, which in addition is in complex with protein.  
 
As 3JCH coupling constants were not used during the structure refinement, they represent an 
experimental parameter that may be used to verify our structure and therefore justify the 
assumptions that underline our analysis of RDCs. However, we would like to emphasise that 
this reasoning is not strictly consequential. All we can conclude from this analysis is that the 
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structures obtained using RDC-restrained MD simulations reproduce well the experimental 
inter-glycosidic 3JCH coupling constants.   
 
Although showing some differences in interglycosidic dihedral angles to our structure of I 
that were verified by inter-glycosidic 3JCH coupling constants, previous investigations of 
heparin (Mulloy et al. 1993) and its oligosaccharides (Ferro et al. 1986, de Paz et. al. 2001, 
Mikhailov et al. 1996, 1997) using 1H-1H NOESY spectroscopy and force field calculations, 
concluded that the flexibility of the IdoA has only a limited effect on the overall shape of 
heparin. Our conclusions based on the analysis of additional NMR parameters, inter-
glycosidic 3JCH coupling constants and RDCs in particular, support these findings.  The nature 
of RDCs makes this NMR parameter particularly suitable for the study of mutual orientation 
of remote molecular fragments providing superior information to NOE data. This is the main 
contribution of this work.  From the structural biology point of view, enhancement of the 
protein binding properties of IdoA containing GAGs acts through more flexible orientation of 
sulfate groups, rather than significantly affecting the conformation of glycosidic linkages. At 
the same time however, the overall shape of the heparin molecules is not changing 
significantly, as shown by similar order parameters irrespective of the conformation of the 
internal IdoA.  
 
Conclusion 
We have investigated the structure of a fully sulfated, heparin-derived ΔU-tetrasaccharide 
using NMR spectroscopy and MD simulations. Our analysis of RDCs showed that the inter-
conversion of the iduronic acid between its 1C4 and 2So forms has only modest effect on the 
overall shape of the molecule. This conclusion is born out of our observation that the average 
RDCs of the two rigid carbohydrate rings surrounding the flexible iduronic acid were equally 
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well reproduced using similar order tensors calculated for the two IdoA conformations. 
Following RDC-restrained MD simulations obtained using a single order tensor produced the 
final structures of I.  The ratios of 1C4 and 2So forms of the iduronic acid derived using 3JHH 
and RDC were practically identical. The RDC-restrained structures were validated by the 
interglycosidic 3JCH coupling constants. Experimentally determined interglycosidic dihedral 
angles of the terminal trisaccharide fragment indicate that the heparin helix already starts 
forming in this minimal structure. Thus by using RDCs and interglycosidic coupling constants, 
the two parameters  previously not applied to the study of heparin, our investigation 
confirmed the limited effect of the flexibility of IdoA on the overall shape of heparin 
molecule.  Our work therefore demonstrates the effectiveness of the methods for the 
measurement and analysis of RDCs in the conformational analysis of glycosaminoglycans. 
 
 
Experimental Section 
Preparation of fully heparin derived ΔU-tetrasaccharide I: The heparin ΔU-
tetrasaccharide (Fig.1) was prepared by partial enzymatic digestion of low molecular weight 
heparin (Innohep; Leo Laboratories, Princes Risborough, U.K. with heparinase I; Grampian 
Enzymes, Orkney, U.K.). The digest was resolved into its constituent oligosaccharide size 
fractions by gel filtration chromatography on a Bio-Gel P10 (Bio-Rad Laboratories, Hemel 
Hempstead, UK) column (2.5 x 120 cm) eluted with 0.25 M NH4HCO3 at a flow rate of 10 
ml/hr. The elution profile was monitored by UV absorption at 232 nm, specific to the 
unsaturated non-reducing ends of the oligosaccharides introduced by the lyase action of the 
enzyme. The tetrasaccharide fractions were pooled, freeze-dried twice, desalted on PD-10 
columns (Amersham Biosciences Ltd, Chalfont St. Giles, UK) and then dried. The 
tetrasaccharide fractions were resolved into their constituent species by strong anion-
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exchange HPLC chromatography on an IonPac AS17 column (0.4 x 25 cm; Dionex, 
Camberley, UK). After a brief wash with water (pH3.5), the column was eluted with a 60 ml 
linear gradient of 0 – 1.0 M NaCl, pH3.5, at a flow rate of 1 ml/min with in line monitoring of 
UV absorption at 232 nm. ΔU-tetrasaccharide eluted as the last fraction; its structure was 
indentified as described previously (Jin et al. 2005). 
 
Preparation of isotropic and aligned samples for NMR: 550 μg of I were dissolved in 0.5 
ml deuterium oxide (D2O >99.96%) and lyophilized to remove exchangeable protons. The 
powder was then redissolved in 320 μl D2O, which contained CaCl2 corresponding to a four-
fold molar access with regard to I. The pH was adjusted to 7.5 by adding NaOH dissolved in 
D2O. A 5 mm Shigemi tube with or without plunger was used for isotropic and aligned 
samples, respectively. The C12E5/hexanol medium (Ruckert and Otting 2000) with r = 0.9 and 
wt% = 3.7% was used for the aligned sample of I. The composition of the mixture was 18.6 μl 
C12E5, 6.2 μl hexanol and 430 μl D2O. The splitting of the deuterium signal was 22.5 Hz at 25 
˚C.  
 
Measurements of 1DCH and 3DHH coupling constants: NMR experiments were performed 
on a 600 or 800 MHz Bruker Advance spectrometer equipped with a 5 mm cryoprobe with 
inverse geometry and z-gradients. RDCs were calculated as a difference between the splittings 
observed in the isotropic and aligned samples determined using identical NMR experiments 
acquired under the same conditions. Non-refocused 2D 1H-13C HSQC spectra were acquired 
without decoupling and refocusing in the directly detected dimension. Acquisition times of 
both isotropic and aligned samples in t1 and t2 were 63.6 and 341 ms, respectively; the total 
experimental times were 62.5 and 45.5 hours, respectively. SPFGSE-COSY, CSSF-COSY 
and double-selective HOHAHA-COSY spectra, acquired using the parameters described 
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elsewhere (Jin et al. 2007) were used for the measurement of 1H-1H scalar and dipolar 
coupling constants. The spectra of the isotropic sample were normally acquired using 80 
scans per increment, while those of the aligned sample were recorded using 200 scans. 20-30 
ms Gaussian pulses were used to selectively invert proton resonances.  CSSF-COSY spectra 
were typically acquired using eight 10 ms CSSF increments; 30-45 ms Gaussian pulses were 
used during the CSSF and also during the COSY part.  
 
DFT calculations of disaccharide fragments: The geometry of heparin disaccharides CB 
(GlcNS,6S-IdoA2S-OMe) and BA (IdoA2S-GlcNS,6S-OMe) has been optimised (JAGUAR 
1998) using density functional theory (DFT) with Lee–Young–Parr (B3LYP) (Lee et al. 
1988) correlation functional and the 6-311++G** basis set. Two conformers (1C4 and 2S0) 
were considered for the IdoA2S residue with the starting structures obtained previously 
(Hricovíni  2006). The GlcN,6S residue was in the 4C1 conformation. Geometry optimisations 
were obtained with the gradient optimisation routine, the convergence criteria were set to 
1.10-6.  
 
Free and restrained MD simulations of I using AMBER: ΔU-tetrasaccharide I was built 
using the atom types contained in the recently parameterised force field (Huige and Altona, 
1995,  Jin et al. 2005) Partial atom charges were calculated with the RESP (Restrained 
ElectroStatic Potential fit) procedure using Gaussian98 with the 6-31G* basis set. The single 
point charge calculation was carried out with the convergence criteria of 1.00D-02 and 1.00D-
04 for the maximal and RMSDs change of the density matrix elements, respectively. The net 
charge was set to -8. Firstly, a simulated annealing procedure was used to generate low 
potential energy structures of I. The calculation was run in vacuum without any solvent or 
periodic box. In the initial energy minimisation period, the starting conformation was 
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optimised with a 3 ps steepest descent step followed by a gradient method of 0.5 ns duration. 
The optimised structure was subjected to 30 ps of molecular dynamics at 800 K with 
constraint on the bonds involving H-atoms (SHAKE). The system was then cooled to 0 K 
during a period of 10 ps using ten cooling steps of 80 K in order to freeze out one 
conformation. This geometry was then optimised by minimising the energy in the same way 
as the initial energy minimisation was carried out. The first candidate conformation was 
obtained in this way and used as the input for the next round of the simulated annealing.   
The structure with the lowest potential energy from gas phase simulation was dissolved in a 
water box for explicit solution periodical calculation. Before adding the water molecules, 
eight sodium ions were added randomly to neutralise the whole unit. A cubic 40.675 Å3 water 
box with a spacing of 8 Å containing 1938 triangulated 3-point water molecules was 
generated. The water box was first energy minimised with a tight restraint on the ΔU-
tetrasaccharide I atoms to relax the water molecules. The whole system was energy 
minimised without any restraints. The temperature of the system was then increased from 0 K 
to 300 K in 2 ps and stabilised at 300 K for 20 ps at a constant volume with constraint on the 
bonds involving H-atoms, while the ΔU-tetrasaccharide molecule was restrained weakly. 
Another 0.1 ns equilibration molecular dynamic at 300 K and a constant pressure (1 atm) was 
simulated without any restraint before the MD production calculations. Free and RDC-
restrained molecular dynamics were performed at constant pressure (1 atm) and temperature 
of 300 K for 4 ns. RDCs of both glucosamine rings (A and C) of I were used as experimental 
restraints.  
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Table I. 3JHH coupling constants, [Hz], of heparin-derived fully sulfated ΔU-tetrasaccharide, 
I. 
 
Ring/ 3JHH
 
H1-H2 H2-H3 H3-H4 H4-H5 
Population of 
conformersd 
Aa  3.5 10.2 8.8 9.8  
Ca 3.7 10.6 9.0 10.1  
Ba 2.4 4.8 3.4 2.5  
(1C4) b 1.7 3.0 3.1 2.3 76% 
(2S0) b
 
4.8 10.5 3.4 2.5 24% 
Bd 2.4 4.8 3.4 2.7 (rmsd = 0.12 Hz) 
Da 3.4 2.6 4.7 -  
(1H2)c 3.1 0.2 6.0 - 78% 
(2H1)c
 
8.3 10.2 1.7 - 22% 
Dd 4.2 2.4 5.0 - (rmsd = 0.57 Hz) 
 
a experimental values; b calculated using Karplus curve according to Tvaroška et al. 1989. c 
calculated using Karplus curve according to Haasnoot et al. 1980; d obtained by least square 
analysis of the theoretical and experimental values.  
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Table II. Scalar and residual dipolar coupling constants of ΔU-tetrasaccharide I 
One-bond 1H-13C  
couplings 
J 
(Hz) 
J + D 
(Hz) 
RDC 
(Hz) 
Three-bond 1H-1H 
couplings  
J (Hz)
J + D 
(Hz) 
RDC 
(Hz) 
Ring 
A 
C1H1 
C2H3 
C3H3 
C4H4 
C5H5 
172.2 
139.1 
148.0 
147.2 
146.9 
168.8 
144.9 
154.1 
152.6 
153.1 
-3.4 
 5.8 
 6.1 
 5.4 
 6.2 
H1H2 
H2H3 
H3H4 
H4H5 
 
3.53 
10.25 
8.79 
9.85 
 
2.71 
11.13 
9.75 
10.75 
 
-0.82 
  0.88 
  0.96 
  0.90 
 
B 
C1H1 
C2H3 
C3H3 
C4H4 
C5H5 
174.1 
151.4 
151.5 
148.8 
146.1 
178.9 
152.5 
148.9 
152.8 
145.7 
 4.8 
 1.1 
-2.6 
 4.0 
-0.4 
H1H2 
H2H3 
H3H4 
 
 
2.42 
4.76 
3.41 
 
 
3.97 
3.53 
3.30 
 
 
  1.55 
-1.22 
-0.11 
 
 
C 
C1H1 
C2H3 
C3H3 
C4H4 
C5H5 
172.6 
138.7 
147.4 
147.2 
147.0 
177.7 
135.6 
144.4 
142.4 
143.4 
 5.1 
-3.1 
-3.0 
-4.8 
-3.6 
H1H2 
H2H3 
H3H4 
H4H5 
 
3.67 
10.59 
9.04 
10.16 
 
2.46 
11.14 
8.43 
8.80 
 
-1.21 
  0.55 
-0.61 
-1.36 
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Table III. Experimental and back-calculated RDCs of rings A and C of I analysed using 
separately ab initio structure of IdoA2S-GlcNS,6S-OMe (ring A) and GlcNS,6S-IdoA2S-
OMe (ring C).  
4C1 - 1C4  4C1 - 2SO  4C1-1C4   4C1-2SO  RDC 
(Hz) 
Expt. 
Ring A Calc. Diff. Calc. Diff. 
Expt. 
Ring C Calc. Diff. Calc. Diff. 
C1H1 -3.4 -3.40 0.00 -3.41 0.01 5.1 5.11 -0.01 5.14 -0.04 
C2H2 5.8 5.89 -0.09 5.89 -0.09 -3.1 -2.98 -0.12 -2.65 -0.45 
C3H3 6.1 6.07 0.03 6.07 0.03 -3.0 -3.09 0.09 -4.10 1.10 
C4H4 5.4 5.65 -0.25 5.59 -0.19 -4.8 -4.88 0.08 -4.39 -0.41 
C5H5 6.2 5.94 0.26 6.04 0.16 -3.6 -3.57 -0.03 -3.22 -0.38 
H1H2 -0.82 -0.82 0.00 -0.77 -0.05 -1.21 -1.22 0.01 -1.10 -0.11 
H2H3 0.88 0.70 0.18 0.74 0.14 0.55 0.46 0.09 0.03 0.52 
H3H4 0.96 0.86 0.10 0.76 0.20 -0.61 -0.48 -0.13 -0.32 -0.29 
H4H5 0.90 0.91 -0.01 0.43 0.47 -1.36 -1.23 -0.13 -1.06 -0.30 
rmsd 0.14 0.20  0.09 0.49 
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Table IV. Population analysis of the 1C4 and 2So forms of B ring using the back-calculated 
average RDCs.  
RDC (Hz) C2H2 C3H3 C5H5 H2H3 Population 
1C4 -0.20 -3.72 -0.01 -1.27 82% 
2SO  3.80  2.78  2.38 -0.07 18% 
Expt. 1.1 -2.6 -0.4 -1.22 
Theory 0.52 -2.55 0.42 -1.05 
rmsd =0.51 
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Table V. Dihedral angles across the glycosidic linkages of rings C-B-A  
Dihedral angles [o] ΦCB ΨCB ΦBA ΨBA 
3JCOCH baseda -28 -19 35 ± 23 
Retrained MD,  1C4(B)b -33 ± 12 -10 ± 13 34 ± 11 -7 ± 16 
Retrained MD,  2So(B) b -38 ± 4 -25 ± 14 41 ± 11 5 ± 14 
Heparinc,  1C4(B) b -39 -32 41 14 
Heparinc,  2So(B) b -9 -41 61 16 
Solution structure of Id -43 -42 45 15 
Crystal structuree of I -18 -4 57 25 
a calculated using Karplus curve according to Tvaroška et al. 1989 using values given in Table 
VI. bconformation of ring B. c Mulloy et al. 1993. d Mikhailov et al. 1996. e Faham et al. 1996. 
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Table VI. 3JCOCH coupling constants [Hz] across the glycosidic linkages CB and BA.  
3JCH [Hz] J(CB4HC1) J(CC1HB4) J(CA4HB1) J(CB1HA4) rmsdc 
Experimental 4.4 5.0 3.8 4.8 - 
Retrained MD,  1C4(B) a 4.0 5.4 3.9 5.6 - 
Retrained MD,  2So(B) a 3.6 4.7 3.3 5.5 - 
Retrained MD, Javeb 3.9 5.3 3.8 5.6 0.49 
Heparinc,  1C4(B) a 3.5 4.1 3.3 5.3 - 
Heparinc,  2So(B) a 5.5 3.3 1.6 5.2 - 
Heparinc, Javeb 3.9 3.9 2.9 5.3 0.79 
Solution structure of Id 5.0 5.6 1.9 4.6 1.05 
Crystal structure of Ie 3.1 3.2 2.9 5.2 1.21 
a conformation of ring B; b calculated as 80% of 1C4(B) and 20% 2So(B) ; c relative to the 
experimental 3JCH. c Mulloy et al. 1993. d Mikhailov et al. 1996. e Faham et al. 1996. 
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Figure Captions 
 
Figure 1. Fully sulfated heparin ΔU-tetrasaccharide, I, obtained through enzymatic cleavage 
of heparin. The monosaccharide rings are labelled A to D from the reducing to the 
non-reducing end of the molecule.   
 
Figure 2. The evolution of rmsd of ring atoms of monosaccharides D-A from their mean 
structures during a 4 ns (a) unrestrained MD (b) restrained MD.  
 
Figure 3. Φ/Ψ maps of CB [(a) and (c)] and BA [(b) and (d)] glycosidic linkages of I during a 
4 ns MD. (a) and (b) show unrestrained and (c) and (d) restrained MD simulations, 
respectively. Conformation of ring B is shown at the top. Ring D was always in 2H1 
conformation.  
 
Figure 4. Determination of proton-proton RDCs of I. An example of the measurement of the 
H3, H4 J+D splitting of ring C. (a) 1D CPMG spectrum of aligned sample of I. 
Residual signal from the medium is labelled with asterisks.  (b) 1D double selective 
HOHAHA spectrum of I with a selective transfer of magnetisation from H2 to H3 of 
ring C. (c) variable time J-modulated 1D double selective HOHAHA-COSY spectrum 
of I with a selective transfer of magnetization from H2 to H3 and a selective COSY 
transfer to H4 using a COSY evolution interval of 205 ms. (d) Variation of the H4 
signal intensity as a functional of the COSY evolution delay and (e) corresponding 
fitting yielding the J+D splitting. 
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Figure 5 Evolution of calculated RDCs during the restrained MD simulation (a) ring A and 
(b) ring C. 
 
Figure 6. Orientation of the PAF of the order tensor relative to the structure of I (a) ring B in 
2So (b) ring B in 1C4 conformation. The relative length of the principal axis 
corresponds to the sizes of the principal order parameters. 
 
Figure 7. Back-calculated RDCs of ring B during the restrained MD simulations. Only the 
RDCs that were different between the two forms of ring B are shown. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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